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Molecular dynamicsHia is a trimeric autotransporter found in the outer membrane of Haemphilus inﬂuenzae. The X-ray structure
of Hia translocator domain revealed each monomer to consist of an α-helix connected via a loop to a
4-stranded β-sheet, thus the topology of the trimeric translocator domain is a 12-stranded β-barrel
containing 3 α-helices that protrude from the mouth of the β-barrel into the extracellular medium. Molecular
dynamics simulations of the Hia monomer and trimer have been employed to explore the interactions be-
tween the helices, β-barrel and connecting loops that may contribute to the stability of the trimer. In simu-
lations of the Hia monomer we show that the central α-helix may stabilise the fold of the 4-stranded β-sheet.
In simulations of the Hia trimer, a H-bond network involving residues in the β-barrel, α-helices and loops has
been identiﬁed as providing stability for the trimeric arrangement of the monomers. Glutamine residues lo-
cated in the loops connecting the α-helices to the β-barrel are orientated in a triangular arrangement such
that each forms 2 hydrogen bonds to each of the corresponding glutamines in the other loops. In the absence
of the loops, the β‐barrel becomes distorted. Simulations show that while the trimeric translocator domain
β-barrel is inherently ﬂexible, it is unlikely to accommodate the passenger domain in a folded conformation.
Simulations of Hia in an asymmetric model of the outer membrane have revealed membrane–protein inter-
actions that anchor the protein within its native membrane environment.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
Haemophilus inﬂuenzae is a human pathogen responsible for awide
range of clinical diseases including sinusitis, bronchitis and pneumo-
nia and less commonly, serious systemic disease such as meningitis
and septicaemia. The initial step in infection involves colonisation of
the upper respiratory tract. The autotransporter protein Hia promotes
adherence of the bacterium to the human respiratory epithelium.
To mediate adhesion with host cells, the adhesin must be presented
on the surface of the pathogen [1,2]. For Gram-negative bacteria
such as H. inﬂuenza, this involves translocation of the protein across
the inner and outer membranes. This is generally achieved via one of
ﬁve different protein secretion pathways. The autotransporter or
type V pathway is a relatively simple protein secretion mechanism
[1,3]. All proteins secreted via this mechanism share a common struc-
ture, namely: (a) an N-terminal amino signal sequence for transport
across the inner membrane; (b) a secreted functional protein, or
‘passenger’ domain; and (c) a C-terminal translocator domain, which
forms a pore in the outer membrane (Fig. 1). The N-terminal signal+44 1865 613238.
+44 2380 593781.
.P. Sansom),
rights reserved.domain directs transport of the precursor protein across the inner
membrane via the Sec pathway, it is subsequently cleaved by signal
peptidase I. Transport across the innermembrane is followed by inser-
tion of the C-terminal translocator domain into the membrane, where
it forms a β-barrel. The passenger domain is then translocated to the
surface of the organism where it is usually cleaved.
Autotransporters can be divided into two subfamilies, (1) conven-
tional autotransporters and (2) trimeric autotransporters. Hia is a
member of the latter subfamily. Each monomer is composed of a 50
residue N-terminal signal domain, an 857 residue passenger do-
main and a 75 residue C-terminal domain. The X-ray structure of the
Hia translocator domain revealed each monomer to contribute four
β‐strands and one α‐helix to form a trimeric 12-stranded β-barrel
containing three α‐helices within the central channel [4,5] (Fig. 1).
The α-helices are connected to the β‐barrel by a long loop (α1–β1
loop), which extends 2/3 of the way into the pore.
The passenger domain of Hia is not cleaved upon secretion and re-
mains cell-associated [6]. While the structure of the entire passenger
domain is unknown, Yeo et al. reported the structure of the high-
afﬁnity binding domain, HiaBD1, one of the two homologous binding
sites in the passenger domain. HiaBD1 contains three receptor binding
sites arranged in a novel trimeric architecture with three-fold symme-
try [7]. The structures of the translocator domain and HiaBD1 of the
passenger domain have provided important insights into the structure
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Fig. 1. A — Two views of the X-ray structure of Hia. Looking down the principal axis
from the extracellular end (left), here the three monomers are coloured individually
(red, green and blue) and side view (right), here the β-barrel is purple, the loops are
green and the α-helices are red. B — Schematic of domain organisation. The rulers in-
dicate the portion of the Hia structure that was used in each simulation of this study.
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nism of translocation remains unclear. In particular key questions
remaining unanswered include:
1– What is the role of the α-helices?
2– Is the β-barrel rigid or ﬂexible?
3– How does the protein interact with the complex environment of
the outer membrane?
Hia remains the only trimeric autotransporter to have its
translocator domain solved experimentally, yet it shares similarities
with the other monomeric autotransporters: EspP and Hbp from
Escherichia coli [8,9], EstA from Pseudomonas aeruginosa [10], and
NalP from Neisseria meningitidis [11]. The translocator domain of the
monomeric autotransporters is a 12-membered β-barrel, with a sin-
gle N-terminalα-helix located within the hydrophilic pore. The diam-
eter of the Hia pore with the central α‐helices removed, as revealed
by the X-ray structure, is 1.8 nm compared to 1.1 nm in the X-ray
structure of EspP and 1.2 nm in the X-ray structure of NalP. Thus it
might be expected that the autotransporters share a common trans-
location mechanism. However, experimental and simulation studies
have suggested a plug-like role for the α-helix in NalP, while it
does not seem to be implicated in maintaining the integrity of the
β-barrel [11,12]. In contrast, experimental studies have shown that
the α-helices located within the Hia β-barrel and in particular theloops that connect the α-helices to the β-barrel (α1–β1 loop) are
key in maintaining the structural integrity of the trimer [4].
The translocation mechanism is likely to involve complex confor-
mational rearrangements, however before exploring what these con-
formational changes may be, it is useful to reﬂect upon the X-ray
structure of the trimeric translocator domain in detail and consider
the factors that contribute to its stability. The interface between the
monomers is formed largely through helix–helix, strand–strand and
loop–loop (α1-β1 loop) interactions. The strength of the stabilising
interactions at these interfacial regions is likely to play a key role
in mediating the conformational ﬂexibility of the trimeric protein.
While helix–helix interactions are usually driven by small, polar inter-
actions in transmembrane regions [13–15], in the aqueous environment
the driving force comes from burial of hydrophobic residues [16,17].
Thus it is not surprising, as it extends from theβ-barrel into the aqueous
phase, that the helix–helix interface of the Hia translocator domain is
largely hydrophobic [4,5]. The interface between the α1–β1 loops is
largely polar, therefore hydrogen-bonding and electrostatic interactions
are likely to contribute to the stability of the protein in this region.
Indeed, polar side-chain interactions of contributing to the stability of
enclosed loops have been previously reported from simulation and
structural studies of autotransporters [8,18].
An understanding of the role of the protein–protein interactions
that have been revealed by the static X-ray structure, by consideration
of the conformational dynamics of Hia is fundamental to gaining fur-
ther insights into the translocation mechanism. Molecular Dynamics
(MD) simulations provide a computational route to analysing the
conformational dynamics of membrane proteins and have been suc-
cessfully applied to evaluate possible transport mechanisms of ABC
transporters [19,20] and of lactose permease [21,22]. Thus, we employ
MD simulations of the Hia translocator domain to demonstrate that the
α1–β1 loop plays a key role in maintaining the stability of the β‐barrel.
In addition, we investigate the conformational dynamics of the Hia
translocator domain in an OM model membrane containing a realistic
mixture of lipopolysaccharide (LPS), also known as lipooligosaccharide,
and phosphatidylethanolamine (PE) lipids. Analysis of these simula-
tions suggests that positive residues at the base of theα-helices interact
with the LPS inner core to help anchor Hia within the outer membrane.
2. Methods
2.1. General simulation details
All simulations in this work were performed using the GROMACS
simulation package, version 4.5.1 [23–25]. The water model used in
the simulations was the SPCmodel [26]. Simulations were undertaken
in the NPT ensemble, with the Nosé–Hoover thermostat [27,28] with a
time constant of 0.5 ps and the Parrinello–Rhaman barostat [29,30]
with a time constant of 5.0 ps used to maintain a temperature of
310 K and a pressure of 1 bar. Long-range electrostatic interactions
were treated using the smooth particle mesh Ewald method [31] and
a long-range dispersion correction was applied to the energy and
pressure beyond the cut-off. The neighbour list was updated every 5
steps during the simulations. All bonds were constrained using the
LINCS algorithm [32] allowing a 2 fs timestep to be applied in all
simulations. Energyminimisations were performed using the steepest
descent method for 1000 steps. Simulations in which positional re-
straints were used involved the application of a harmonic restraint
force of 1000 kJ mol−1 nm−2 to non-hydrogen atoms. The Hia crystal
structure used in the simulations was the 2.0 Å model of Prince et al.
(PDB code 2GR7). The protonation states of all titratable residues of
Hia were assigned using the standard protonation states at pH 7 and
checked with the H++webserver [33–35]. Repeats of all of the simu-
lations were performed using different randomly assigned starting
velocities. Table 1 shows a summary of the simulations described in
this work.
Table 1
Summary of simulations.
Simulation Hia model Lipids Solvent Length (ns) Cα RMSD (nm)
All β-Barrel α-Helices
1-wt-wat 1×Hia998–1098 – 7 Cl−
40,620 H2O
3×200 1.05 0.27 1.14
1–0α-wat 1×Hia1042–1098 – 4 Cl−
45,103 H2O
3×200 0.65 0.45 –
1–0α-wat1037 1×Hia1037-1098 – 4 Cl−
40,620 H2O
4×200 0.61 0.35 –
1-wt-dmpc 1×Hia998–1098 194 DMPC 7 Cl−
14,294 H2O
2×200 0.89 0.15 0.80
3-wt-dmpc 3×Hia998–1098 426 DMPC 21 Cl−
49,778 H2O
2×100 0.27 0.12 0.25
3–0α-dmpc 3×Hia1042–1098 426 DMPC 12 Cl−
26,917 H2O
2×100 0.34 0.26 –
3-wt-lps 3×Hia998–1098 59 LPS
161 MPoPE
219 Mg2+
46 Cl−
22,432 H2O
2×200 0.30 0.11 0.24
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The Hia X-ray structure was solvated in a cubic periodic box so
that the protein was at least 1.5 nm from the edge of the box. Chlo-
ride ions were added by random replacement of water molecules to
maintain system neutrality. This system was energy minimised and
a 1 ns position-restrained simulation was performed to allow an ini-
tial re-equilibration of the solvent around the protein. These restraints
were removed and a further 200 ns of unrestrained ‘production’ sim-
ulation was performed. The protein was treated using the GROMOS
43A1 force ﬁeld [36]. The short-range cut-off for both the van der
Waals and electrostatic interaction was 1.0 nm.
2.3. Model membrane simulations
The Hia X-ray structure was embedded in a 1,2-dimyristoyl phos-
phatidylcholine (DMPC) lipid bilayer with neutralising counterions.
The truncated model of Hia was created by simply deleting residues
of the protein prior to insertion into the DMPC bilayer. The truncated
variants of Hia were chosen to correspond to those used by Meng
et al. [4]. The Hia model in each simulation was inserted into a DMPC
membrane by positioning the characteristic aromatic belts of Hia at
the membrane interfacial regions. Subsequently, the system was sol-
vated by superimposition of a box of SPC waters followed by removal
of any waters too close to either protein, or lipid. Chloride ions were
added by random replacement of water molecules to maintain system
neutrality. The resultant systems each consisted of the protein in a bi-
layer of ~250 DMPC lipids, with >30 water molecules per lipid. The
simulation systems were energy minimised to relax any steric con-
ﬂicts between protein, lipid and solvent. Subsequently, 1 ns protein-
restrained simulations were performed to relax the positions and
orientations of solvent and lipid molecules. Finally, production runs
were 100 ns length. Force ﬁeld parameters for DMPC were those as
described by Berger et al. [37]. As per the aqueous simulations, the
protein was treated using the GROMOS 43A1 force ﬁeld [36] and the
short-range cut-off for both the van der Waals and electrostatic inter-
action was 1.0 nm. These simulation parameters were chosen so as to
closely mimic the parameters used by Berger et al.
2.4. Outer membrane model simulations
Simulations of the realistic H. inﬂuenza outer membrane (including
simulations used to construct the realistic bilayer) used the GROMOS
53A6 force ﬁeld [38]. Force ﬁeld parameters for the H. inﬂuenza LPS
were adapted from our E. coli LPS parameters [39,40]. The level of LPS in
the realistic bilayer was the minimal LPS from the I-69 Rd−/b+ deep
rough mutant strain. It is comprised of lipid A plus one phosphorylated3-deoxy-D-manno-octulosonic acid (Kdo) sugar [41]. The phospholipid
inner leaﬂet contained the realistic 1-myristol 2-palmitoleoyl phos-
phatidylethanolamine (MPoPE) lipid [42]. Force ﬁeld parameters
for MPoPE were taken from our previously validated GROMOS-CKP
PE lipid parameters [39]. Construction of the asymmetric membrane
involved the construction and equilibration of symmetric LPS and
MPoPE phospholipid membranes, with equilibration simulations of
500 and 100 ns in length, respectively. The area per lipid chain of
the two bilayers determined from the equilibration simulations (LPS:
0.248 nm2±0.002 nm2; MPoPE: 0.292 nm2±0.004 nm2), was used
to construct a realistic membrane with appropriate numbers of lipids
in each leaﬂet. This realistic bilayer was subjected to a further 100 ns
of simulation prior to any insertion of the protein into the membrane.
The wild type Hia protein was inserted into the membrane using the
GROMACS programme g_membed [43] and Cl− ions, in addition to
the Mg2+ ions associated with the LPS molecules, were added to neu-
tralise the system. Energy minimisation was employed to relax any
steric conﬂicts between protein, lipid and solvent. Subsequently a
20 ns position-restrained simulation was performed to allow a re-
equilibration of the bilayer around the protein. These restraints were
removed and a further 200 ns of unrestrained ‘production’ simulation
was performed. The short-range cut-off for the electrostatic interactions
was 0.9 nm, with van der Waals interactions truncated at 1.4 nm.
2.5. General analysis
Analyses were performed using GROMACS tools, MDAnalysis [44],
and locally written code. Secondary structure analyses used DSSP
[45]. Pore-like regions within the β-barrel interior were analysed
and visualised using HOLE [46,47]. Molecular graphic images were
generated using VMD [48]. A H-bond was considered to have formed
between a donor and acceptor where there was an interatomic dis-
tance of less than 0.35 nm and an angle of less than 30° between the
acceptor–donor-hydrogen.
3. Results
3.1. Monomer stability
The assembly of three Hia translocator domains is required for the
efﬁcient translocation of the N-terminal passenger to the bacterial
surface [49]. However, it is still unclear whether trimerisation of the
Hia translocator domain occurs before or after membrane insertion.
Based on the supposition that loss of secondary structure of themono-
mer or disruption of the local membrane environment is an indication
that it is not likely to be in that form in vivo, we investigated the stabil-
ity of a monomeric component of the Hia translocator domain in both
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ent systems that were composed of (i) a wildtype (wt) Hia monomer
in water (1-wt-wat), (ii) a wt Hia monomer without any α-helices or
α1-β1 loops in water (1–0α-wat), (iii) a wt Hia monomer that in-
cludes the α1-β1 loop but not the α-helices in water (1–0α-wat1037),
and (iv) a wt Hia monomer in a DMPC bilayer (1-wt-dmpc).
The Cα root mean-squared deviation (RMSD) provides a measure of
the protein drift from the initial X-ray-derived conformation (Table 1).
The overall plateau RMSD values were 1.05 nm in 1-wt-wat, 0.65 nm
in 1–0α-wat and 0.89 nm in 1-wt-dmpc. These large values indicate
substantial structural changes. Much of the structural instability of the
monomers was the result of bending and unwinding of the α-helices
at the N-terminal end of the protein. The β‐sheet residueswere substan-
tially more stable, with plateau RMSD values of 0.27 nm in 1-wt-wat,
0.45 nm in 1–0α-wat and 0.15 nm in 1-wt-dmpc.
Interestingly, the β‐sheet was markedly less stable when the cen-
tral α-helix and α1-β1 loops were removed (Fig. 2A). The structural
stability of both 1-wt-wat and 1-0α-wat was examined using the
DSSP secondary structure classiﬁcation method. The average number
of residues in a β‐sheet conformation during the simulations revealed
34 residues in the 1-wt-wat simulations, compared to only 26 in the
1–0α-wat simulations. These differenceswere largely the result of par-
tial unfolding ofβ‐strand 1 in the 1–0α-watmonomer. In order to verify
that the differences in stability of the β‐sheet were force ﬁeld indepen-
dent, we simulated 1–0α-wat and 1-wt-wat again using the AMBER
99SB-ILDN all atom force ﬁeld [50]. Encouragingly, these simulations
showed similar trends to the GROMOS force ﬁeld simulations (see
Fig. S1 and the Supplementary methods).
Perhaps surprisingly, given the number of barrel–helix (~20) hy-
drogen bonds reported from simulations of NalP [12], the greater sta-
bility of β‐strand 1 in 1-wt-wat does not appear to arise as a result of
polar interactionswith theα-helix. Indeed, there were few speciﬁc in-
teractions between β‐strand 1 and the α-helix, except for a hydrogen
bond (H-bond) between residue Q1036 from the α-helix and residue
S1053 of β‐strand 1. This H-bond was present in 40% of the trajectory
frames. A greater number of speciﬁc interactions occurred between
the α1-β1 loop and β‐strands 2 and 3. In particular, H-bonds between
residue Q1039 in the α1-β1 loop and residue R1077 in β‐strand 3
were present in 45% of the trajectory frames. Neither the H-bond
between Q1036 and S1053 nor that between Q1039 and R1077 is
present in the X-ray derived structure. It was observed that residue
L1037, at the N-terminal end of theα1-β1 loop, ﬁts into a small pocket
bordered by A1049, A1051, and A1062 from β‐strands 1 and 2
(Fig. 2B). It seems likely that this favourable packing may help to sta-
bilise theα1-β1 loop in its position on the surface of β‐strands 1 and 2.
To investigate the packing of L1037 further, we performed a set of
200 ns simulations of a truncated Hia variant containing residues
L1037 to W1098 (1–0α-wat1037), which contains the α1-β1 loop
but not the α-helix. This Hia variant was less stable than the intact
monomer with an RMSD of 0.35 nm for the β-sheet residues. In con-
trast to 1–0α-wat, 1–0α-wat1037 retained most of its β-sheet confor-
mation in β-strand 1 (Fig. S2A and B), as assessed by DSSP, for 200 ns.
In some of the repeat simulations, the residues in β-strand 1 did show
signs of conformational volatility, though the β-sheet conformation
in β-strand 1 never completely disappeared within 200 ns as it did
in 1–0α-wat. On its own, it appears that L1037 is insufﬁcient to main-
tain the α1-β1 loop in place on the surface of β‐strands 1 and 2. In-
deed, L1037 became detached from its initial position after 80 ns.
This can be quantiﬁed by measuring the distance from the centre of
mass of L1037 to the centre of mass of the hydrophobic pocket formed
by residues, A1049, A1051, and A1062. The distance remained stable
at 0.5 nm for the ﬁrst 80 ns of the simulations, but increasedmarkedly
to >2.0 nm for the remaining 120 ns of the simulations (Fig. S2C).
The Hia monomer was most stable when integrated into a lipid bi-
layer (Fig. 2C). However, the hydrophilic face, which would normally
line the interior of the β‐barrel in the trimeric arrangement, caused asubstantial distortion of the lipid bilayer. The distortions were largely
the result of the negatively charged phosphate group from the DMPC
lipids interacting with the positively charged R1077 in the centre of
β‐strand 3 (Fig. 2C). To further accommodate the hydrophilic face a
water pore formed that spanned both leaﬂets of the membrane and
passed through the central cavity of the Hia monomer. As expected,
these results suggest that the integration of a Hia monomer into the
OMwould require substantial shielding of its central hydrophilic face.
3.2. Barrel ﬂexibility and stability of the trimer
In order to investigate the ﬂexibility and stability of the full trimeric
β-barrel from Hia, we performed two simulations, each at least 100 ns
in length. The two simulation systems contained (i) a wt Hia trimer
within a DMPC bilayer (3-wt-dmpc) and (ii) a wt Hia trimer without
any α-helices or α1-β1 loops within a DMPC bilayer (3-0α‐dmpc). An
illustrative snapshot of the Hia trimer is shown in Fig. 1.
In contrast to the 1-wt-wat and 1-wt-dmpc simulations, the
α-helices were stable in 3‐wt-dmpc (the intact protein), although
some unwinding of the α-helices was observed at the extracellular
side. The combined RMSD value for the three α-helices was 0.25 nm
(Fig. S3) for 3-wt-dmpc, this is only slightly higher than the value of
0.20 nm reported for the single α-helix of NalP from comparable sim-
ulations [12]. Unwinding of theα-helix is conﬁned to the regions of the
α-helix protruding from the β-barrel into the extracellular medium
(Fig. S4A).
The RMSD of the β-barrels showed a marked difference between
3-wt-dmpc and 3-0α‐dmpc, with RMSD values of 0.12 nm to
0.25 nm, respectively (Table 1). The overall cylindrical shape of the
β-barrel was maintained in 3-wt-dmpc throughout the 100 ns simu-
lations (Fig. 3B). In contrast, the β-barrel exhibited major conforma-
tional alterations during 3-0α-dmpc (Fig. 3C). Indeed, the protein
conformation at the end of 3-0α-dmpc resembled the triangular
prism conformation of the 12‐stranded outer membrane protein,
OprM [51]. It is interesting to note that while there is substantial dis-
tortion at the extracellular mouth of the β-barrel in 3-0α-dmpc, the
plateau RMSD value of the protein in this simulation is only slightly
higher than 3-wt-dmpc. Furthermore, the pattern of H-bonds be-
tween the backbone elements of the β-barrel was mostly unaffected
in 3–0α-dmpc when compared to the 3-wt-dmpc. Thus on the time-
scale of the simulations, while the β-barrel conformation is substan-
tially affected, the removal of the α-helices and loops does not lead
to loss of the secondary structure of the β-barrel (Fig. S4B). In order
to examine the conformational rearrangement in 3-0α-dmpc further,
we measured the Cα RMSD of the β-sheet residues, comparing each
monomer with every other monomer across all the frames in a trajec-
tory (Fig. S5). In 3-0α‐dmpc the monomers were seen to diverge rap-
idly in structure from one another, reaching a maximum RMSD of
0.40 nm, almost immediately after the start of the simulations. In
contrast, the monomers of 3-wt-dmpc remained in a similar confor-
mation, with a maximum RMSD of 0.25 nm, across the length of the
trajectory. Thus, there is a loss of symmetry in 3-0α-dmpc, which
may result from an increased ﬂexibility in the barrel region. These re-
sults indicate that the β-barrel is not a rigid cylinder but has the ability
to adapt its conformation in response to the number of α‐helices and
α1-β1 loops contained within the pore region. A similar ‘breathing
motion’ of the β‐barrel of the type I secretion protein TolC has previ-
ously been reported by Vaccaro and Sansom [52].
Monitoring the dimensions of the pore within the β-barrel pro-
vides a useful method of quantifying the extent of conformational
re-arrangement of the β-barrel. The HOLE code was used to calculate
the average pore radii in all simulations [53]. In 3-wt-dmpc simula-
tions the α-helices and α1-β1 loops were removed prior to calcula-
tion of the pore dimensions. On average, the pore was narrowest in
3–0α-dmpc, particularly near the centre of the bilayer i.e. away from
the mouths of the β-barrel. The narrowest constriction was in the
Fig. 2. The DSSP plot (i) and ﬁnal simulation snapshots (ii) of A) 1–0α-wat, B) 1-wt-wat and C) 1-wt-dmpc. The β-sheet residues highlighted in yellow are A1049, A1051, and
A1062. These residues form the boundaries of a pocket into which L1037, from the N-terminal end of the α1–β1 loop, is inserted.
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nounced in the wt simulations. The average width of the pore in this
region was similar in both 3-wt-dmpc and 3–0α-dmpc, indicating
that the R1077 residues remain pointing into the β‐barrel even in
the absence of the α‐helices and α1-β1 loops. At the periplasmic
mouth of the β-barrel, the pore is narrowest in 3-wt-dmpc. This is aresult of the α1-β1 loops being forced into a tight arrangement by
the bulk of the three α-helices.
At the extracellular mouth of the β-barrel, the pore is narrowest in
3–0α-dmpc. The β‐barrel adopts a distinctly triangular conformation
at this mouth in 3-0α‐dmpc simulations (Fig. 3A). The extracellular
loops partially fold into the pore and form H-bonds to each other,
Fig. 3. A — Pore radius proﬁles for 3-wt-dmpc and 3–0α-dmpc simulations. The loca-
tion of the β-barrel residue R1077 that participates in the H-bonding network is
marked. The positions of the periplasmic (PERI) and extracellular (EC) leaﬂets are
also indicated. B and C — A top view (from extracellular side) of the protein conforma-
tion at the end of (B) 3-wt-dmpc and (C) 3–0α-dmpc. An arrow marks the position
of G1057 on one of the subunits. A distinct narrowing of the extracellular mouth of
the β‐barrel can be observed in 3–0α-dmpc. Where necessary, the α-helices and
α1–β1 loops have been removed for clarity.
Fig. 4. A snapshot from simulation 3-wt-dmpc showing the H-bond network proposed
to be key in maintaining the structural integrity of the trimer. Helix, S1035 and Q1036
residues are cyan, β-barrel R1077 residues are yellow and Q1039 residues in the
α1–β1 loops are magenta. One monomer is completely omitted for clarity. H-bonds
are shown in blue.
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pore. Such H-bonding of the loops at this end is not possible in the
presence of the α-helices. A similar folding of the loops into the
β-barrel, upon removal of the α-helix, was reported for the mono-
meric autotransporter NalP [12]. The β-barrel conformation at the
extracellular end was monitored by measuring the inter-monomer
G1057 Cα distances across the mouth of the β‐barrel. In 3-wt-dmpc,
these distances were ~23.6 Å after equilibration, during the simula-
tion, there was an average decrease of 8% in the distances indicating
slight narrowing. In stark contrast, these distances decreased by 42%
in 3–0α-dmpc.
H-bond analysis revealed a H-bond network extending from the
α1-β1 loops via residues in the β-barrel to the α-helices (Fig. 4).
Q1039 residues in the loops are orientated in a triangular arrangement
allowing them to form 2 H-bonds with each of the 2 corresponding
Q1039 residues. These residues also form H-bonds to R1077 residues
located in the β‐barrel, which in turn form H-bonds to S1035 and
Q1036 residues in the α-helix. The β‐barrel R1077 residues also
adopt a distinctly triangular arrangement near the ends of the loops
that are connected to the α‐helices. Thus, an extended H-bonded
network involving the β‐barrel, α1-β1 loops and α-helices exists in
the wildtype protein. In our simulations, on average 9.0 H-bonds
were present between the mentioned residues in each frame of
3-wt-dmpc. In addition, these residues were able to interact with
water molecules which cross-linked the H-bonding groups (Fig. S8A
and B). Indeed, water molecules were able to exist in several pockets
within the β-barrel (Fig. S8C). The pocket with the highest density of
water was at the base of the α-helices, between the α1-β1 loops,where the H-bond interactions exist between themonomers. The pat-
tern of H-bonds observed within the simulations does not exist in the
X-ray derived structure of 2GR7), though R1077 is within 0.35 nm of
S1035, Q1036, and Q1039. The removal of the α‐helix and α1-β1
loops in 3–0α-dmpc resulted in the loss of the barrel–helix (R1077–
S1035/Q1036) and helix–helix interactions.
3.3. Speciﬁc protein–lipid interactions
In order to investigate the dynamics of Hia in a bilayer more rep-
resentative of the in vivo environment, we constructed an asymmetric
bilayer with LPS in the outer leaﬂet and 1-myristoyl 2-palmitoleoyl
phosphatidylethanolamine (MPoPE) in the inner leaﬂet (Fig. S6), we
refer to simulations of Hia in this environment as 3‐wt-lps. The struc-
tural drift of Hia from its initial conformation was similar to that
observed in the DMPC bilayer simulations. The backbone RMSD values
for the α‐helices reached plateau values of 0.24 nm in 3‐wt-dmpc and
0.18 nm in 3-wt-lps after 100 ns, while values for the β-barrel reached
0.12 nm in both sets of simulation.
The most pronounced differences between the two membrane en-
vironments were present in the protein–lipid interactions, deﬁned as
an interatomic distance of ≤0.35 nm [54]. The sugar and phosphate
atoms of LPS in 3-wt-lps made fewer contacts with residues of Hia
than the headgroup atoms of DMPC in 3-wt-dmpc (Fig. 5). In addi-
tion, the sugar and phosphate moieties of LPS predominantly made
contact with the larger residues, Q1056, Q1058, K1083 and Q1085,
in the extracellular loops of Hia. Taken together, these results show
that, over a 200 ns timescale, the LPS molecules were not able to ap-
proach and interact with the side chains of the smaller amino acids,
presumably as a result of steric restrictions and the slower diffusion
of the LPS molecules compared to DMPC.
Hia exhibits broadly similar headgroup contacts in the inner leaﬂet
of 3-wt-lps to those observed in 3-wt-dmpc (Fig. 5). Indeed, the inter-
action of the large aromatic residue, W1098, with the phospholipid
headgroup atoms was observed in >80% of the simulations frames
Fig. 5. The surface of the protein is coloured according to number of contacts (where contact is deﬁned as inter-atomic distance of ≤0.35 nm) between (A) residues of Hia and
DMPC headgroup atoms, and between (B) residues of Hia and the polar groups of LPS. The numbers of contacts are represented on a RGB scale, where red indicates 0 contacts
with the lipid groups and dark blue indicates the residue that makes contacts in 100% of the frames. The difference in the number of headgroup contacts (C) is shown on a
red-grey-blue scale where red means more contacts with the polar regions of LPS and blue means more contacts with the DMPC headgroups.
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in the inner leaﬂet of 3-wt-lps than in 3-wt-dmpc. While the partial
charges of the PE and PC headgroups are identical in the force ﬁelds
used for this study, the smaller van der Waals radius allows the NH3
group from PE to approach the protein side chains more closely and
form tighter electrostatic interactions.
It has previously been noted that the Hia structure contains a ring
of basic residues (K1019, K1022, R1023 and K1087) positioned close
to the extracellular mouth of the β‐barrel [4]. It is possible that this
positive patch may serve to anchor Hia within the outer membrane
via interactions with the LPS inner core. Our simulations show that
K1019 and K1022, in particular, regularly interact with the carboxylic
acid, phosphate and C5 hydroxyl groups of the Kdo sugar of LPS
(Fig. 6). The H-bonds and electrostatic interactions were common,
with K1022, in some examples, interacting with the LPS inner core
in >90% of the trajectory frames. The electrostatic interactions be-
tween the lysine residues and the Kdo carboxylic acid and phosphate
had occupancies in the range of 6% to 18% of the simulation trajectory.
H-bonds between the lysine residues and the Kdo sugar had occupan-
cies in the range of 1% to 39% of the simulation trajectory. There was
no obvious screening of electrostatic and H-bond interactions as a re-
sult of the Mg2+ ions in the system.
Due to the slow diffusion of LPS molecules compared to phospho-
lipids [39], it is possible that the simulation timescale is not sufﬁcient-
ly long to correct the position of the protein within the bilayer, if there
is a slight error in the original position. To verify that the simulations
had been performed with Hia in the correct starting position within
the model membranes, we performed another set of 3-wt-lps simula-
tions with Hia placed 0.5 nm higher within the bilayer, thus exposing
the β-barrel to more of the extracellular side of the membrane. In
these extra simulations Hia was observed to move by 0.2 nm towards
the inner phospholipid leaﬂet after 200 ns of simulation (Fig. S7A). In
addition, the new position of Hia resulted in a thinning of the inner
leaﬂet of approximately 0.3 nm around the protein (Fig. S7B). In con-
trast, no distortion of the inner leaﬂet or change in position of Hia was
observed in the original 3-wt-lps simulations. This suggests that Hia
was positioned at the appropriate depth within the membrane in the
original 3-wt-lps simulations.
The autotransporter hypothesis supposes that the passenger do-
main is passed through the pore of the β-barrel. Therefore, it mightbe expected that the helices will be free to move up and down within
the β-barrel pore. To investigate this, we calculated the movement of
the helices relative to the β-barrel by measuring the difference in
the centre of mass between the β-sheets and the C-alphas of S1034
from each monomer. While this distance oscillated between 0.2 nm
and 0.3 nm, we did not observe any net movement of S1034 in the
z-coordinate in either 3-wt-dmpc or 3-wt-lps.
4. Discussion and conclusion
In the present study we have performed molecular dynamics sim-
ulations of the intact Hia translocator domain and this domain with
various structural elements removed. In simulations of a single Hia
monomer, we have shown that the α1-β1 loop and central α‐helix
form key interactions with the β-sheet, that lead to stabilisation of
the latter. It has been suggested that the central α-helix of the EspP
autotransporter from E. coli could be positioned within the proto-β‐
barrel domain at an early stage of protein biogenesis [55]. While it is
possible that the process of membrane integration may differ for tri-
meric autotransporters and between bacterial species, it is interesting
to note that, in our studies of the Hia monomer, we found that the
α1-β1 loop and α-helix had a stabilising effect on the β‐sheet. Pre-
sumably, the polar interactions play a role in positioning the α1-β1
loop and α‐helix so that they can pack tightly onto β‐strands 1 and
2. The tight interaction of residues in the α1-β1 loop and α-helix
with the β‐strands may restrict the movement of the α1-β1 loops
and thereby stabilise β‐strand 1. Any disturbance of the packing of
L1037, located at the N-terminal end of the α1-β1 loop, by mutation
of key β-sheet residues such as G1064, as shown in the mutants of
the equivalent G389 residue in YadA [56], could in this way reduce
the stability of the monomer. Overall we observe instability of the
monomer in the aqueous environment, but relative stability when it
is inserted in the membrane, where it causes local distortion of the
lipid bilayer. Taken together these observations from our simulations
suggest that trimerisation is likely to occur prior tomembrane insertion.
Simulations of the wildtype Hia trimer have shown that the com-
plete translocator domain is conformationally stable in a DMPC bilayer
on a 100 ns timescale. For example, RMSD valueswere similar to those
reported from simulations of the monomeric autotransporter, NalP.
Higher RMSDs were observed when the α‐helices were removed
Fig. 6. Interaction of LPS with Hia. (A) The relative position of Hia within the sugar and
phosphate groups of LPS. K1019 and K1022 are able to form electrostatic and H-bond
interactions with the (B) C4 phosphate, C5 hydroxyl and the (C) C1 carboxylic acid
of LPS. Electrostatic and H-bond interactions are displayed as a blue dotted line in B
and C. The LPS molecule is shown with the acyl tails in pink in a space ﬁlling represen-
tation, while the Kdo and glucosamine sugars are shown in a licorice representation.
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destabilisation of the β‐barrel on a 100 ns timescale, although large
conformational changes, including distortion of the β‐barrel and a
loss of symmetry between the monomers, were observed. Thus, our
simulations suggest that the α‐helices and α1-β1 loops play a key
role in maintaining the conformational integrity of the trimer. We
have also identiﬁed a number of H-bonds that form between residues
of the α‐helices and α1-β1 loops. These interactions, which are not
present in the X-ray structure, may contribute to the stability of the
trimer. It should be noted that Meng et al. examined constructs inwhich (a) the α-helix had been removed and (b) the α-helix and
α1-β1 loop had been removed by immunoblot analysis [4,5]. Migra-
tion of (a) corresponded to the monomer, whereas (b) was not
detected at all. While our simulations were initiated by removing
structural elements from a pre-formed trimer, these experimental
observations suggest that extension of our simulations of the
translocator domain without α‐helices or loops, may lead to collapse
of the trimeric conﬁguration.
The relatively narrow diameter of the Hia β-barrel, revealed by the
X-ray structure, suggests that to accommodate and translocate the
passenger domain, a degree of barrel ﬂexibility is essential. Encourag-
ingly, in our simulations even the β-barrel of the wildtype trimer
exhibits an inherent ﬂexibility, particularly at the two mouths. In the
absence of α-helices and loops, the β‐barrel adopts a distinctly trian-
gular conformation at the extracellular mouth. The ﬂexibility of the
β-barrel may have important implications for the mechanism of
autotransport. For example, it is likely that the ability of the β‐barrel
to expand and contract in response to the α‐helices located within it
would also be extended to the presence/absence of the passenger do-
main. This would enable the β-barrel to alter its conformation, leading
to a smoother protein translocation landscape. However, even after
taking into account the ﬂexibility of the β-barrel to expand, it is difﬁ-
cult to envisage that it would expand sufﬁciently to allow the passen-
ger domain to pass through the translocator domain in anything other
than an extended or unfolded conformation. Similar observations
were reported from simulations of NalP [12]. Furthermore, the trun-
cated monomer and trimer simulations suggest that the central
α-helices confer substantial structural stability to the β-barrel, and it
is difﬁcult to envisage a mechanism where the three helices were
not embedded on the surface of the β-sheet during the transport of
the passenger. In this context it seems unlikely that the passenger do-
main would be transported through the central cavity of the β-barrel.
In order to explore some of the speciﬁc membrane interactions
that Hia would experience in vivo, we also simulated Hia embedded
within a complex membrane model that incorporates the asymmetry
and some of the unique lipid components of the H. inﬂuenzae OM.
While we found that Hia made certain speciﬁc interactions with the
more complex environment of the asymmetric membrane, it is im-
portant to note the similar overall nature of the dynamics of Hia in
both the LPS/MPoPE and DMPC bilayers. Indeed, we found DMPC to
be an adequatemodelmembrane that accurately replicates the hydro-
phobic thickness of the bacterial OM. The realistic bilayer, however,
allowed the exploration of certain properties of Hia that could other-
wise not have been investigated, such as the role of the positive
patch at the extracellular mouth of the β-barrel, which is formed by
lysine and arginine residues from the loops andα‐helices. Indeed, res-
idues K1019 and K1022, which are located in the α‐helices, were ob-
served to interact regularly with the phosphate and sugar moieties
of the LPS molecule; our simulations suggest that these interactions
serve to anchor Hia within the outer leaﬂet of the OM.
It is perhaps useful to reﬂect on some of the limitations of the cur-
rent study. We note that the minimal LPS molecule from which we
have derived the outer leaﬂet of our complex membrane is found
only in an atypical strain of H. inﬂuenza. However it seems reasonable
that longer variants of the LPS molecule, which are more representa-
tive of this bacterial species would likely interact with the α‐helices
to a greater extent, leading to stronger anchoring of Hia within the
outer membrane.
In summary, we have identiﬁed key protein–protein interactions
that stabilise the Hia monomer and also the trimer. Our simulations
indicate that despite the inherent ﬂexibility of the Hia translocator
domain β-barrel, it is unlikely that the passenger domain could be
accommodated in anything other than an extended conformation.
Simulations of Hia in a complex model of the outer membrane have
enabled us to identify key interactions that anchor the protein within
its native membrane environment.
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